Visual motion detection in insects is mediated by three-input detectors that compare inputs of different spatiotemporal properties. A new modeling study shows that only a small subset of possible arrangements of the input elements provides high direction-selectivity.
The ability to detect motion, central for animals to guide movement and to detect prey and predators, is arguably the most important visual function. Understanding how visual circuits detect motion by comparing luminous changes across space and time is considered a Holy Grail of vision research. Two computational models have greatly influenced visual motion research. The HassensteinReichardt (HL) model for elementary motion detector was originally derived from quantitative analyses of the behaviors of the beetle Chlorophanus [1] . The Barlow-Levick (BL) model was derived from electrophysiological studies in the rabbit retina [2] . These two correlative types of elementary motion detector both require non-linear interactions between spatially segregated inputs, but they use different types of interactions: multiplication or facilitation for the HR model, and inhibition or suppression for the BL model. In the HR model, signals from moving images in a cell's preferred direction get amplified, while in the BL model, signals moving in a non-preferred direction get canceled out ( Figure 1A) .
The HR and BL models are both abstract in nature, with little suggestion of how they might be implemented in the nervous system. After decades of little progress, we are now experiencing an explosion of high-quality studies aiming to resolve the neural implementation of elementary motion detectors. In past years, many proposals about the internal structures of elementary motion detectors, the number of detectors, and the configuration of the detectors have been made. New research published in this issue of Current Biology [3] provides further insight into how inputs with different spatiotemporal properties can be combined in a HR/BL hybrid detector to achieve high direction selectivity.
The fly visual pathway has been elucidated in detail by work over many years, and the search for the neural implementation of motion detectors in the pathway has been boosted by the development of genetic tools for celltype-specific recording and manipulation in Drosophila. Two neuron types, T4 and T5, exhibit directionally selective responses to moving bright (ON) and dark (OFF) edges, respectively. They receive indirect inputs from the second-order lamina neurons, L1 and L2, respectively [4] [5] [6] : the L1-to-T4 pathway detects ON-edge motion, and the L2-to-T5 pathway detects OFF-edge motion. Serial electron microscopy reconstruction revealed the medulla neurons that link L1 and L2 (and L3) to T4 and T5, respectively [7, 8] . The T4 neurons receive inputs from at least four medulla neuronal types, Mi1, Mi4, Mi9 and Tm3, while T5 receives inputs from Tm1, Tm2, Tm4 and Tm9. Functional studies in which some of these medulla neurons were blocked suggested that HR and BL mechanisms are both implemented in the ON-and OFF-edge pathways [9] [10] [11] . How do these input elements fit into a three-input HR/BL hybrid detector to generate high direction selectivity?
Arenz et al. [3] first determined the spatiotemporal response characteristics for all eight input elements by reversecorrelating their calcium signals with the one-dimensional white noise stimulus. The reconstructed receptive fields of these medulla neurons showed a center-surround, temporally biphasic receptive field (see also [10, 11] ). Temporally, the neurons produced impulse responses which showed characteristics of either a 'fast' bandpass filter or a 'slow' low-pass filter and the basic premise of the study was that only certain arrangements of fast and slow neural filters would make for potent motion detectors.
Having armed themselves with the receptor fields of all the relevant medullar neurons (four for each of the pathways), Arenz et al. [3] ascertained the most efficient neural configuration by running HR/BL detector simulations. A priori, for each pathway 24 distinct configurations of three different neurons were possible. The performance of each such configuration was judged by computing the 'direction sensitivity index', which essentially measures the efficiency with which a given detector configuration is able to pick out motion along the preferred direction, as compared to motion along the null direction. The results were very illuminating indeed: for the ON-pathway, highest direction sensitivity was obtained by placing lowpass filters, Mi4 and Mi9, in the outer (A) The two well-known computational models of elementary motion detection: the Hassenstein-Reichardt (HR) model and the Barlow-Levick (BL) model. Both models compare two spatially segregated inputs, but they differ in the type of interaction between the two inputs. For the HR model, when a bar is moving in the preferred direction (left-to-right), the left photoreceptor generates a signal, which is delayed (indicated as t) so that it arrives at the detector at the same time as the signal from the right photoreceptor. The two excitatory signals are then multiplied to generate a motion signal. When the bar is moving in the null direction, the two signals arrive at different times and fail to generate a motion signal. For the BL model, when the bar is moving in the preferred direction, the excitatory signal arrives at the downstream detector before the delayed inhibitory signal so a motion signal is generated. When the bar is moving in the null direction, both excitatory and inhibitory signals arrive at the detector simultaneously and the excitatory signal is suppressed. (B) The proposed cellular implementation of a HR/BL hybrid motion detector in the ON-pathway (T4). The hybrid three-arm detector employs both preferred-direction enhancement and null-direction suppression. Simulation suggests that optimal configuration requires one central fast (band-pass, BP) arm and two outer delayed (low-pass, LP) arms.
The fast kinetics of the Mi1 (or Tm3) neuron and the low-pass kinetics of Mi9 and Mi4 suggest that Mi1 and Mi4/Mi9 should be at the central and outer arms, respectively. The placement of Mi4 and Mi9 in either suppression or enhancement outer arm is further constrained by the signs of their synapses onto T4, which depend on yetidentified neurotransmitter receptors. In the illustrated configuration, which places Mi9 and Mi4 in the enhancement and suppression arms, respectively, both synapses would have to be sign-inverted to match their required enhancing and suppressive functions.
enhancing and suppressing arms, and fast band-pass elements, Mi1 or Tm3, in the central arm. The low-pass characteristic of the side arms essentially means that these neurons remain activated for a longer period and therefore continue to provide input to T4 when the external stimulus is directly in front of the central arm, playing very effectively the role of the 'delayed' arm predicted by either an HR or a BL detector configuration ( Figure 1B) . One could imagine that the reverse configuration with a central low-pass flanked on either side by band-pass neurons may also be effective. Indeed, the HR sector can be fully functional in this configuration but the BL part is not as effective, as the excitatory central signal outlives the suppression from the bandpass neuron.
To hone in further on the neural configuration, Arenz et al. [3] considered inputs identified by synaptic studies and actual observations. The conclusion: Mi1 (and not Tm3) has to be at the center, flanked by Mi4 and Mi9, with the latter most likely being the enhancing arm. That one can identify a unique neural configuration by a combination of theoretical analysis and experimental observations is a real treat to witness and bodes well for the future. In their numerical simulations, the authors assumed that the three neurons in the HR/BL configuration had receptor field centers separated by 5 o and arising from neighboring ommatidia, perhaps because the numerical simulations showed that decreasing the angular separation of the receptive field centers decreases the efficiency of the detectors.
The OFF-pathway analysis yielded similar results, but was less conclusive as T5 could only get input from one lowpass filter, Tm9, the only low-pass filter among the inputs to T5 (Tm1, Tm2, Tm4 and Tm9). Nevertheless, the study provided valuable general insights into the architecture of motion detection. For instance, a rather intuitive physical principle was reaffirmed. Arenz et al. [3] found that, for most of the neurons, the amplitude of the suppressing Gaussian in their spatial receptive field, as compared to that of the central Gaussian, was approximately given by the inverse square-root of their half-widths; this relation ensures that the enhancement and suppression cancel each other's effects, not only when there is a large field flicker, but also when a tonic increment of light moves across the visual field. In other words, the surround inhibition sharpens the detector by making it sensitive to changes in light intensity only in a small spatial region.
A key property of the correlation detectors is that they do not compute speed, but rather respond strongly at the optimal spatiotemporal frequency. Previous studies [12, 13] have suggested that octopamine modulates the temporal tuning of the motion detection during different behavioral states such as walking and flying. It was not clear, however, where the modulation takes place in the neural circuit. By measuring the spatiotemporal receptive fields of all the eight medulla neurons in the native and octopamine activated states, Arenz et al. [3] discovered that the temporal filtering properties of these medulla neurons, especially the band-pass filters, change so that their optimal sensitivity to motion detection shifts towards higher frequency. This result not only clarifies the mechanism behind temporal tuning but also provides robustness to the HR/BL hybrid detection algorithms, which relies heavily on the spatiotemporal characteristics of the input neurons.
Whether the actual input configuration of elementary motion detector matches those proposed by Arenz et al. [3] must await high-resolution electron microscopy reconstruction and information on the sign of the synaptic input. While the input configuration of the elementary motion detector might be resolved in the near future, the main challenge that still remains is how the T4 and T5 neurons integrate the medullar inputs to generate motion-sensitive and direction-selective signals. Understanding the physiological mechanism of the integration would require studying the neurotransmitter/ receptor system, synaptic distributions and dendritic responses of the T4 and T5 neurons. The recent convergence of connectome, psychophysics, physiology and now modeling studies in fly visual motion detection provides reassurance that the neural mechanism of motion detection is finally within reach.
